the nitrogenous reserves of Pseudomonas aeruginosa that are oxidized during endogenous respiration was studied by following the changes in the chemical constituents and in the distribution of radioactivity of starving cells that had been grown on C'4-labeled substrates. The total protein and nucleic acid of Warburg vessel contents decreased during starvation. Deoxyribonucleic acid increased slightly, whereas ribonucleic acid (RNA) decreased. C'402 was evolved from endogenously respirnng cells specifically labeled in the nucleic acid fraction and from cells specifically labeled in the protein fraction. Chemical fractionation of C"4-labeled cells showed a decrease in hot trichloroacetic acid-soluble and -insoluble compounds, indicating that the C'402 arose from the degradation of RNA and protein and not free pool compounds. A decrease in ribosomal RNA and protein was evident from physical fractionations of starved, labeled cells. An enzyme responsible for the initiation of ribosomal degradation was found to be associated with the ribosome fraction. It was concluded that oxidation of the ribonucleoprotein during endogenous respiration may be a general phenomenon in microorganisms.
Reports in the literature suggest that microorganisms contain a nion-nitrogenous carbonaceous reserve material which may be utilized during the course of endogenous respiration. Strange, Dark, and Ness (1961) suggested that glycogen served such a role for Aerobacter aerogenes, and Doudoroff and Stanier (1959) reported that poly-fl-hydroxybutyrate acted in this capacity for Pseudomonas saccharophila. Thus, many microorganisms would appear to be similar to higher forms with regard to the storage of specific carbonaceous energy reserves. However, when P. aeruginosa was grown in a glucoseammonium salts medium, no accumulation of poly-,8-hydroxybutyrate could be detected (Hogg, unpublished data) and no depletion in total carbohydrate was observed after a 2-hr period of starvation (Warren, Ells, and Campbell, 1960) .
Ammonia was found to be an end product of the endogenous respiration of P. aeruginosa (Warren et al., 1960) and of other microorganisms (Dawes and Holms, 1958; Gronlund and Campbell, 1961) ; amino acids were implicated as the source of this ammonia. It has been the intent of this work to elucidate the nature of the nitrogenous compound or compounds oxidized during starvation, by following the changes in distribution of the radioactivity in cellular constituents through use of P. aeruginosa grown in the presence of CQ4-labeled substrates.
MATERIALS AND METHODS
Resting-cell suspensions. P. aeruginosa (ATCC 9027) was grown in a glucose-ammonium phosphate-salts medium (Warren et al., 1960) and harvested after 20 hr of incubation at 30 C. The cells were washed twice with 0.85% NaCl (pH 7.4) and resuspended at 10 or 15 times the growth concentration in 0.05 M tris(hydroxymethyl)-aminomethane (tris) buffer (pH 7.4).
Cells were labeled with C14 by adding either glucose-U-C"4 (90 ,uc/100 ml), uracil-2-CI4 (71 ,uc/100 ml, 4.86 or 9.1 mg/100 ml), or proline-U-C14 (71 ,uc/100 ml, with carrier L-proline to give a concentration of 5 mg/100 ml) to growing cultures at 12 hr and continuing incubation until 20 hr. Lowry et al. (1951) , and ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) by a modification of the techniques of Schneider (1957) . RNA assays were corrected for interference by DNA. Oxygen consumption was followed manometrically at 30 C with a conventional Warburg respirometer. Ultraviolet (UV) spectra were determined with a Beckman model DU spectrophotometer. Electrophoresis was carried out using Whatman no. 1 paper, formic-acetic buffer (pH 2; Smith, 1960) , and a flat plate water-cooled electrophoresis apparatus with an RSCo model 1911 power supply.
Chemical fractionations of whole cells. The fractionation procedure described by Duncan and Campbell (1962) was followed, with the exception that the hot trichloroacetic acid extraction was carried out at 90 C for 9 min. When required, RNA and DNA were separated by a modification of the Schmidt-Thannhauser technique (Hutchison, Downie, and Munro, 1962) .
Preparation and physical fractionation of cellfree extracts. At zero time and after a 3-hr starvation period on the Warburg respirometer, the supernatant fluid was separated from the cells by centrifugation and the cell pellet resuspended in a minimal volume of distilled water. The cells were lysed in tris buffer (pH 8.0) by a lysozymeethylenediaminetetraacetic acid (EDTA) treatment, and the viscosity of the resulting lysate was decreased by the addition of deoxyribonuclease and magnesium ions. Whole cells that survived this treatment were removed by centrifugation at 900 X g for 10 min. The resultant cell-free extract was centrifuged for 30 min at 25,000 X g in a refrigerated centrifuge. The pellet, consisting of "membranes" (Campbell, Hogg and Strasdine, 1962) (Hughes, 1951) , and the viscosity of the cell-free extract was decreased by a 60-sec period of treatment in a 10-kc Raytheon sonic oscillator. The "ribosome" fraction was obtained by the previously described differential centrifugation procedure and was suspended in 0.05 M tris buffer (pH 7.4) by means of a Potter homogenizer. Assays were carried out in 1-ml volumes, by use of 0.05 M tris buffer (pH 7.4) and ribosomes. Reactions were stopped at zero time and after a 60-min incubation at 30 C by the addition of 1 rnl of 1.4 N perchloric acid (PCA). electric field. In addition, nucleotides, nucleosides, and possibly free bases w-ere detected. In a like manner, the presence of apparently lesser quantities of "protein" and free amino acids was established.
The release of both nucleic acids and amino acids by a variety of microorganisms respiring in the absence of an exogenous substrate has been reported by many workers  Borek, Ry-an, and Rockenbach, 1955) . It is thought, however, that the release of these compounds from at least Bacilluts cereus (Urba, 1959) , Escherichia coli (Horiuchi, 1959) , and Saccharomyces cerevisiae (Higuchi and Uemura, 1959) is not the result of cell lysis. Although amino acids were released by nongrowing cells of B. cereus throughout a 2-hr period, Urba (1959) found less than 1% of the total catalase activity present in the suspending medium. This supported the contention that protein breakdown was not dependent on cell lysis but was largely intracellular. In view of the viable cell counts, it must be concluded that this is also the case wiith P. aeruginosa, and the release of UVabsorbing material, then, is related to endogenous respiration. determination of protein and nucleic acids on Warburg cup contents after a 3-hr period of starvation showed a decrease in total protein and RNA, a slight increase in DNA, but a net decrease in total nucleic acids (Table 2 ). An increase in DNA at the apparent expense of RNA has been reported in phosphate-deficient E. coli (Horiuchi, 1959) .
These results suggested that protein and RNA may serve as endogenous substrates. A decrease in both of these constituents during starvation has been observed Nith A. aerogenes (Strange, 1961) , a decrease in amino acids and protein with Sarcina lutea (Dawes and Holms, 1958 ) and a slime mold (Wright and Anderson, 1960) , and a decrease in RNA with E. coli (Dawes and Ribbons, 1962 The influence of these ions on oxygen consumption and on ammonia production was followed at hourly intervals (Table 3 ). The presence of inorganic phosphate stimulated oxygen uptake but slightly depressed ammonia production. Primarily, this was probably due to a slight shift in the ratio of oxidation of RNA to oxidation of Wade (1961) demonstrated the inhibitory effect of magnesium ions on the endogenous degradation of the RNA of E. coli. Specificity of incorporation of radioactive proline and uracil. To confirm the oxidation of cellular protein or RNA, cells were labeled w-ith uracil-2-Ci4, proline-U_Ci4, or glucose-U-Ci4 with the intent of measuring radioactivity in the carbon dioxide evolved during endogenous respiration. In view of the ability of P. aeruginosa to utilize a large number of individual nitrogenous compounds as the sole source of carbon and nitrogen, the specificity of the labeling of nucleic acid with uracil-2-Ci4 was determined by a modification of the Schmidt-Thannhauser technique, and the specificity of the labeling of protein when proline-U_C14 was substrate was determined by the procedure of Duncan and Campbell (1962) .
Cells labeled with uracil-2-Ci4 retained only 2.7%7, of the radioactivity in the "protein" residue ( of the total radioactivity in the nucleic acid fraction, and again this has been considered as contaminating radioactivity (Table 5) . It would appear, therefore, that the proline-U-C'4 was incorporated exclusively into protein.
Evolution of radioactive carbon dioxide. The relative amount of r adioactivity evolved as C'402 by endogenously respiring cells labeled with glucose-U-_-C'4, uracil-2-C'4, or proline-U-C'4 was determined and expressed as per cent of total radioactivity in the Warburg flask (Table  6 ). After zero-time values were subtracted from the results obtained with glucose-U-C'4-labeled cells, 3.31 % of the total radioactive carbon was recovered as C1402. An even greater percentage of radioactive CO2 was evolved from cells labeled with C'4-proline or -uracil. Because of the specificity of labeling with these two compounds, this clearly illustrates that both nucleic acid and protein were oxidized and, therefore, must serve as endogenous substrates in P. aeruginosa.
From Table 2 it can be seen that RNA decreased during endogenous respiration whereas DNA increased; further, the UV-absorbing material in Warburg supernatant fluids was identified as RNAX. Therefore, it may be concluded that the radioactivity in C'402 from uracil-2-C'4-labeled cells arose solely from RNA. As 70% of the total label appeared in the RNA fraction (Table 4) , the apparent amount of RNA oxidized w-ould be 8.05% rather than 5.64%7c. This value may be lower than the actual percentage of RNA oxidized, for the rate of oxidation of pyrimidines is somewhat slower than that of purine and purine degradation products (Fig. 2 ). An analogous situation may exist with proline-U-C'4-labeled cells.
The complete oxidation of all the ribosomal RNA of uniformly labeled cells would result in the evolution of 13.5% of their radioactivity. Therefore, under the experinmental conditions where Distribution of radioactivity in cell fractions. To ensure that the radioactivity in C1402 from proline-U-C'4-and uracil-2-C'4-labeled cells did not arise merely from free intracellular "pools" of proline or uracil, whole cells were fractionated according to the modified procedure of Duncan (1962) at zero time and after 3 hr of starvation. The change in distribution of radioactivity in the various fractions, as well as the influence of 3.33 X 10-' M magnesium on this change, was determined (Table 7) . As the chemical fractionation could not be carried out on cells used for C'40, determinations, Table 7 is a composite of two separate experiments.
Under all test conditions there was a significant decrease in the radioactivity in the "protein residue" and the hot trichloroacetic acid-soluble fraction. This confirms that the C"0S from uracil-and proline-labeled cells was not a result of oxidation of "pool" material but was due to the degradation of both protein and RNA. It would appear that protein and RNA are degraded more rapidly than they can be oxidized and, therefore, are excreted into the suspending fluid. In each test sample, the "free amino acid pool" decreased during endogenous respiration, whereas the "nucleic acid precursor pool" increased. This suggests a preference for oxidation of amino acids or a greater ability of the organism to oxidize amino acids. From a comparison of the amount of RNA and protein in the cell and the apparent percentage of these components oxidized as indicated by C`O, data, approximately twice as much protein as RNA was oxidized. In the presence of magnesium, relatively less RNA was degraded, and the degradation products were retained, to a greater extent, in the cold trichloracetic acid-soluble pool rather than being excreted into the suspending fluid. From the C"OS. values, it can be seen that magnesium ions have a slight inhibitory effect on RNA oxidation and a slight stimulatory effect on protein oxidation. Starvation in the presence of inorganic phosphate gave generally similar results; however, some as yet uninterpreted differences were evident.
Variously labeled cells were disrupted by the lysozyme-EDTA technique at zero time and after respiring endogenously for 3 hr, and were fractionated by differential centrifugation ( g). The majority of the radioactivity in the supernatant fluid (110,000 X g) of uracil-2-C14-labeled cells was cold trichloroacetic acid-soluble, indicating that it was low molecular-weight material. This is in contrast to the data obtained from the chemical fractionation of whole cells in which the lysozyme treatment was omitted. From Table 7 it can be seen that the majority of the radioactivity from the chemical fractionation procedure was contained in material insoluble in cold trichloroacetic acid.
All test samples showed a significant decrease in the protein and the RNA of the ribosome fraction, demonstrating the occurrence of ribosomal degradation during endogenous respiration. While following the turnover of protein and RNA in E. coli, Mandelstam and Halvorson (1960) found that the ribosomes contributed almost half the amino acids and essentially all the ribonucleotides passing through the free pool during starvation. However, no reference was made to the oxidation of these compounds.
The increase in protein in the supernatant fluid (110,000 X g) of cells incubated in the presence of magnesium ions and the apparently only slight decrease in RNA may be attributed to the solubilization of particulate material with a lower level of excretion of these materials into the Warburg suspending fluid. The appearance of nucleic acid in the "membrane" fraction can be accounted for by the presence of a small number of "bound" ribosomes as has been discussed previously (Campbell, Gronlund, and Duncan, 1963) . The general decrease in the radioactivity of this fraction is again the result of degradation of ribonucleoprotein.
Ribosomal degradation. As ribosomes were sho,wn to be degraded during starvation, the ribosomal fraction was examined for the presence of an enzyme responsible for the initiation of the degradative process. When ribosomes were incubated in tris buffer (pH 7.4), there was an increase in cold PCA-soluble material having a maximal absorption at 260 m, (Fig. 3) . EDTA completely inhibited this increase in UV-absorbing miaterial, which tends to rule out the presence of a ribonuclease and the presence of the "V" route of ribosomal breakdown as described by Wade (1961) (Strasdine, Hogg, and Campbell, 1962) . The breakdown of endogenous RNA by polynucleotide phosphorylase has been shown to occur in other organisms (Wade and Lovett, 1961; Ogata, Imada, and Nakao, 1962) , and this, rather than biosynthesis of RNA, may be the true function of the enzyme. When cells respire endogenously and a net decrease in protein concentration takes place, this must represent a situation of absolute minimal protein synthesis. As the rate of protein synthesis is proportional to the number of ribosomes (Kennell and Magasanik, 1962) , under starvation conditions ribonucleoprotein is in excess and presents a logical endogenous substrate capable of supplying the maintenance energy requirements of the cell. The ribosome concentration would appear to be more than adequate to serve this function as well as acting as a source of free amino acids and nucleotides required for the synthesis of new enzymes or a greater quantity of enzymes specifically concerned with endogenous respiration.
Under the specified experimental conditions, Duncan and Campbell (1962) . The oxidation of ribosomal material by microorganisms during endogenous respiration may be a general phenomenon. As yet this is not supported by adequate data, but reports of the production of ammonia and the degradation of ribosomes by a large variety of microorganisms during endogenous respiration tends to support such a supposition. However, if an organism stores a carbohydrate reserve which is also oxidized during starvation, and the organism does not require organic nitrogen for synthesis, then the evolution of ammonia may not be detected until the carbohydrate reserve has been depleted. Dawes and Ribbons (1962) reported the excretion of ammonia from endogenously respiring E. ccli only after the glycogen reserve had been utilized. This does not necessarily infer that glycogen is oxidized to the exclusion of nitrogenous compounds, but it may imply that any ammonia produced initially is assimilated during the oxidation of glycogen. The assimilation of endogenously produced ammonia during the oxidation of exogenous glucose has been reported (Gronlund and Campbell, 1961 
